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In Brief
Mutations mimicking Hsp27
phosphorylation were surveyed to
ascertain its effects on structure and
function. Jovcevski et al. found that
Hsp27 phosphorylation alters the
oligomer/dimer equilibrium, where dimer
abundance is central to preventing
protein aggregation associated with
disease. Therefore, phosphorylation
enhances oligomer disassembly during
stress and helps maintain proteostasis.
Chemistry & Biology
ArticlePhosphomimics Destabilize Hsp27
Oligomeric Assemblies and
Enhance Chaperone Activity
Blagojce Jovcevski,1 Megan A. Kelly,1 Anthea P. Rote,1 Tracey Berg,1 Heidi Y. Gastall,2 Justin L.P. Benesch,2
J. Andrew Aquilina,1,* and Heath Ecroyd1,*
1Illawarra Health and Medical Research Institute and School of Biological Sciences, University of Wollongong, Wollongong, NSW 2522,
Australia
2Physical and Theoretical Chemistry Laboratory, Department of Chemistry, South Parks Road, Oxford OX1 3QZ, UK
*Correspondence: heathe@uow.edu.au (H.E.), aquilina@uow.edu.au (J.A.A.)
http://dx.doi.org/10.1016/j.chembiol.2015.01.001SUMMARY
Serine phosphorylation of themammalian small heat-
shock protein Hsp27 at residues 15, 78, and 82 is
thought to regulate its structure and chaperone func-
tion; however, the site-specific impact has not been
established. We used mass spectrometry to assess
the combinatorial effect of mutations that mimic
phosphorylation upon the oligomeric state of Hsp27.
Comprehensive dimerization yielded a relatively un-
crowded spectrum, composed solely of even-sized
oligomers. Modification at one or two serines de-
creased the average oligomeric size, while the triple
mutant was predominantly a dimer. These changes
were reflected in a greater propensity for oligomers
to dissociate upon increasedmodification. The ability
of Hsp27 to prevent amorphous or fibrillar aggrega-
tion of target proteins was enhanced and correlated
with the amount of dissociated species present. We
propose that, in vivo, phosphorylation promotes olig-
omer dissociation, thereby enhancing chaperone ac-
tivity. Our data support a model in which dimers are
the chaperone-active component of Hsp27.
INTRODUCTION
Hsp27 is a systemically expressedmammalian small heat-shock
protein (sHsp), which typically exists as large, polydisperse
assemblies (Hickey et al., 1986; Sun and MacRae, 2005). In
conjunction with the two other dominant non-lenticular sHsps,
aB-crystallin and Hsp20, Hsp27 is a key component of the cell’s
proteostasis network where it acts as a molecular chaperone.
Defects of proteostasis are thought to contribute to Alzheimer’s
disease, Parkinson’s disease, and amyotrophic lateral sclerosis
(ALS) (Chiti and Dobson, 2006; Dobson, 2001; Muchowski and
Wacker, 2005). Mutations in Hsp27 are also associated with
distal motor neuropathies, including Charcot-Marie-Tooth dis-
ease (Evgrafov et al., 2004; Houlden et al., 2008). Overall, the as-
sociation between Hsp27 and these diseases demonstrates that
its chaperone function is critical to proteostasis.186 Chemistry & Biology 22, 186–195, February 19, 2015 ª2015 ElseHsp27 is unique among the sHsps in that it can form covalent
disulfide-bonded homodimers, whereas the dimers of the other
sHsps are linked by a charged network along the b6+7 strands
(Bagneris et al., 2009; Hochberg et al., 2014). Previous work
has shown that under conditions of cellular stress (Almeida-
Souza et al., 2010), disulfide-bonded dimers of Hsp27 can
form in the cell. Under such conditions, the quaternary dynamics
of Hsp27 may differ significantly to aB-crystallin, since the ex-
changing unit of Hsp27 is a covalently linked dimer as opposed
to the more facile, non-covalent exchange of monomers for aB-
crystallin (Baldwin et al., 2011). The N-terminal region of Hsp27
undergoes phosphorylation in vivo at numerous serine residues
(Arrigo, 2011; Ito et al., 1997; Lambert et al., 1999; Miesbauer
et al., 1994), with serines 15, 78, and 82 being those most pre-
dominantly modified, in a process mediated by MAPKAPK-2
and MAPKAPK-3 kinases (Arrigo, 2011; Landry et al., 1992).
Phosphorylation at these sites is induced by cellular stress and
leads to alterations to the quaternary structure and dynamics of
Hsp27, such that when it is phosphorylated at all three of these
serine residues, or at two serines in rodent Hsp27 (Lambert
et al., 1999), there is a decrease in the size of the Hsp27 oligomer
(Hayes et al., 2009; McDonald et al., 2012; Rogalla et al., 1999).
Initial studies into the impact of phosphorylation on Hsp27
structure and function indicated that phosphorylated Hsp27 is
less effective than the wild-type (WT) protein at inhibiting citrate
synthase and insulin aggregation (Rogalla et al., 1999), although
later studies reported that phosphorylation corresponded with
an increase in substrate binding affinity and ability to inhibit the
amorphous aggregation of insulin (Hayes et al., 2009). Phospho-
mimicking forms of Hsp27 show a decrease in oligomer size
(Lambert et al., 1999), enhanced chaperone activity, and an
increased ability to bind to destabilized forms of T4L lysozyme
(Hayes et al., 2009; McDonald et al., 2012; Rogalla et al., 1999;
Shashidharamurthy et al., 2005). However, to date there has
not been a comprehensive survey performed on the specific ef-
fects of phosphorylation at each of these three serine residues
on Hsp27 oligomer size, oligomer distribution, and chaperone
function.
Mass spectrometry (MS) provides a detailed insight into the
tertiary and quaternary features of dynamic proteins (Benesch
and Ruotolo, 2011). This approach has enabled the determina-
tion of detailed oligomeric distributions of polydisperse ensem-
bles (Aquilina et al., 2003, 2013; Baldwin et al., 2011), definedvier Ltd All rights reserved
Figure 1. Mutations that Mimic Phosphory-
lationDecrease the Size of Hsp27Oligomers
(A)Westernblotting ofHeLacell extracts (left) under
non-stressed (U) and heat-stressed (HS, 45C for
2 hr) conditions indicating that phosphorylation of
Hsp27 occurs at serine residues 15, 78, and 82
(rHsp27: recombinant Hsp27). Discontinuous
nativePAGE (right) ofwild-type (Hsp27-WT) (50mM)
and its phosphomimic variants reveals a decrease
in oligomer size as the number of MMP increases.
(B) Analytical size-exclusion chromatography
(SEC) demonstrates a decrease in oligomer size of
Hsp27-1D (left, Superose 6) and Hsp27-2D (right,
Superdex 75) compared with WT. The elution
volumes at which molecular weight standards
eluted are indicated above.
(C) The dissociation of large oligomers of Hsp27
(orange box) into smaller oligomers (blue box)
upon dilution was observed using analytical SEC
(left); the increasing abundance of small oligomers
upon dilution was used to determine the pro-
pensity of oligomeric dissociation (right).
(D) Western blotting of cell lysates (L) fractionated
by analytical SEC showing the decrease in
average oligomer size between Hsp27-WT and
Hsp27-3D when expressed in HEK293 (left) or
Neuro-2a (right) cell lines (elution fractions indi-
cated by numbering below).stoichiometries of chaperone and substrate complexes (Stengel
et al., 2010), and quantified the dissociation of modified and
unmodified superoxide dismutase 1 dimers associated with
ALS (McAlary et al., 2013). Thus, MS is an ideal technique for
the study of the dynamic and polydisperse Hsp27 oligomers.
This study explores in detail the potential impact of phosphor-
ylation at each of these three serine residues on the quaternary
structure and chaperone function of Hsp27 using mutations
that mimic phosphorylation (MMP); i.e., phosphorylatable serine
residues are mutated to aspartic acids. Our results demonstrate
that MMP results in the destabilization of the Hsp27 oligomer,
shifting the equilibrium toward dimers. This destabilization was
observed by exploiting MS and the concentration-dependentChemistry & Biology 22, 186–195, February 19, 2015dissociation of Hsp27 oligomers into their
constituent species. The ability of Hsp27
to prevent the amorphous and fibrillar ag-
gregation of proteins was also enhanced
by increasing the number of MMP. Thus,
our data suggest that phosphorylation
in vivo destabilizes Hsp27 oligomers and
increases its chaperone function, and
provide strong evidence that the chap-
erone-active unit of Hsp27 is a dimer.
RESULTS
Oligomeric Size and Polydispersity
Is Decreased with MMP
Previous studies have indicated that spe-
cific kinase-mediated phosphorylation of
Hsp27 can occur at three serine residues
(S15, S78andS82) and that levels of phos-
phorylation and disulfide bonding are up-regulated by conditions
of cellular stress (Almeida-Souza et al., 2010; Gaestel et al., 1991;
Landry et al., 1992). We sought to confirm the increase in Hsp27
phosphorylation upon stress using HeLa cells subjected to heat
(45C for 2 hr). Blotting with phosphoserine-specific antibodies
demonstrated that S78 and S82 were phosphorylated under
basal conditions and that phosphorylation of S15 is dramatically
increased in response to heat stress (Figure 1A, left panel). To
elucidate the impact of thismodification to the structure and func-
tion of Hsp27, we expressed recombinant Hsp27 with serine to
aspartic acidmutations at residues 15, 78, and 82 tomimic phos-
phorylation and generated each of the seven possible Hsp27 iso-
forms (Hsp27M).ª2015 Elsevier Ltd All rights reserved 187
Analytical size-exclusion chromatography (SEC) revealed that
Hsp27-WT eluted early from the column as a broad peak, corre-
sponding to an averagemolecular mass of590 kDa (Figure 1B).
The MMP caused substantial reductions in the size of Hsp27,
where the single Hsp27M isoforms eluted as very broad peaks
corresponding to molecular masses between 100 and 420 kDa
(Figure 1B, left panel), while the broad eluent peak of the double
Hsp27M isoforms had an average mass of 90 kDa (Figure 1B,
right panel). Significantly, Hsp27-S15/78/82D (Hsp27-3D) eluted
as a single peak at a volume (Superose 6, 11.2 ml; Superdex 75,
17.4 ml) corresponding to that of a protein of size 45 kDa,
concordant with a Hsp27 dimer (Figure 1B). Native gel electro-
phoresis also confirmed that MMP at one residue did not greatly
affect the average size of Hsp27 oligomers (Figure 1A, right
panel), whereas when present on two or three residues they
substantially decreased the average size of the Hsp27 oligomer,
as evidenced by their significantly increased migration com-
pared with WT. Previously, SEC was used to show that Hsp27-
WT undergoes concentration-dependent dissociation in vitro
(Rogalla et al., 1999; Theriault et al., 2004). This attribute was
therefore exploited to observe the propensity of Hsp27 oligo-
mers dissociating into their constitutive units by SEC via the rela-
tive abundance of large and small oligomers across a range of
concentrations (Figure 1C, left panel).
We also investigated whether the differences observed in the
oligomeric size and distribution between Hsp27-WT and Hsp27-
3D were detectable in cells. Human embryonic kidney (HEK293)
and mouse neuroblastoma (Neuro-2a) cells were transiently
transfected to express either Hsp27-WT or Hsp27-3D, prior to
fractionation of cell lysates by SEC and probing with Hsp27-spe-
cific antibodies (Figure 1D). In both cell lines, Hsp27-WT was de-
tected in a broad range of fractions, indicating its presence as
polydisperse oligomers in cells. By contrast, the majority of the
Hsp27-3D was detected in fractions that eluted later from the
column, indicating that it predominately exists as smaller oligo-
mers, in the range of 45–90 kDa (Figure 1D).
While SEC demonstrated that MMP decrease oligomer size
and polydispersity, to more fully elucidate the oligomeric distri-
bution of Hsp27M, MS analyses of these proteins were per-
formed using conditions which preserve their native state upon
transfer from solution into the gas phase (low collision energy,
30 V) (Figure 2) (Aquilina et al., 2003). Collision-induced dissoci-
ation was also used to exploit the phenomenon of asymmetric
partitioning, which occurs when one or more highly charged
subunits (unfolded dimer) are dissociated from an oligomeric
assembly (high collision energy, 200 V) (Figure 2). This technique
is therefore extremely effective for the analysis of polydisperse
assemblies such as the sHsps, since the spectrum is greatly
simplified when overall charge is reduced (Aquilina et al., 2003;
Benesch et al., 2008).
Typically in other polydisperse assemblies (e.g., aB-crystallin
and Hsp27 under reducing conditions), signal from the mono-
mer-stripped (n-1) and dimer-stripped (n-2) oligomer regions
are unambiguously resolved, with the latter being used to deter-
mine oligomer distribution and abundance (Aquilina et al., 2013).
However, due to the disulfide-bonded dimeric substructure of
Hsp27 in these experiments, its spectra under non-reducing
conditions showed significant charge state overlap in the n-2
region (Figure 2B, right panel) and the absence of an n-1 region188 Chemistry & Biology 22, 186–195, February 19, 2015 ª2015 Else(Figure 2A). Surprisingly, the intact oligomer (n) region was com-
pletely resolved by collisional cleaning and, thus, the size and
abundance of all oligomers present could be identified from
this region (Figure 2B, left panel).
Previous MS data demonstrated that Hsp27-WT exists as a
polydisperse assembly of even-sized oligomers, ranging from
16- to 30-mers, with the 20-mer being the most abundant (Aqui-
lina et al., 2013). Much like Hsp27-WT, the Hsp27M isoforms
comprised even-sized oligomers; however, they were signifi-
cantly shifted to a smaller range of assemblies. In the case of
the single Hsp27M forms, oligomers ranged from dimers to 24-
mers, and up to 22-mers for the double Hsp27M isoforms (Fig-
ure 3A; Figure S2). This region also showed that the 14-mer
was the most abundant large oligomer (R6-mers) present in
each of the Hsp27M analyzed in this study, except for Hsp27–
S78/82D, where the 8-mer was the most abundant (Figure 3A).
Using relatively low-resolution biophysical approaches, the
oligomeric state of Hsp27-3D has previously been reported to
range from small oligomers to dimers (Hayes et al., 2009;
Lambert et al., 1999; Rogalla et al., 1999; Shashidharamurthy
et al., 2005). Significantly, our MS data conclusively demon-
strates that for Hsp27-3D the equilibrium between large oligo-
mers and dissociated species is significantly shifted, such that
it exists predominately as a monodisperse dimer at concentra-
tions of up to 50 mM (Figure 3B). This dimer is covalently linked
through a disulfide bond, as the addition of DTT resulted in a
sizable proportion of these dimers dissociating into monomers
(Figure 3C).
Oligomeric Plasticity of Hsp27 Phosphomimics
Work, including our own (Figure 1C), has indicated that at low
concentrations in solution, Hsp27-WT dissociates into its con-
stituent subunits (McDonald et al., 2012; Rogalla et al., 1999;
Theriault et al., 2004). However, due to the dynamic nature of
these assemblies, it has proved difficult to investigate this pro-
cess in a quantitative manner. The ability of MS to quantify the
relative abundance of individual species within a heteroge-
neous mixture provided a powerful tool with which to study
the concentration-dependent dissociation of Hsp27. Under
identical instrument conditions, the relative intensities of ions
above 4,000 m/z (arising from all oligomers with n R 4) were
diminished with successive dilution for each Hsp27M form.
Moreover, at the higher concentration of 25 mM, the abundance
of dimer was observed to be approximately commensurate
with the degree of serine substitution; ranging from 15% for
WT to 38% for Hsp27-2D (Figures 4A–4C). Based on the
concentration-dependent ratio of dimers to oligomers, we
observed that the propensity of Hsp27 dissociation increased
with the number of MMP. Our data therefore suggest that
upon phosphorylation, the Hsp27 assemblies are less con-
strained by associative forces inherent to the quaternary
structure of WT, permitting the more facile detachment of
sub-oligomeric species, in particular the dissociation of dimers
from an oligomeric assembly.
We reasoned that this shift in oligomeric dissociation propen-
sity may have arisen from variations in the secondary structure
of Hsp27-WT and its phosphomimics. Far-UV circular dichro-
ism (CD) spectroscopy shows alterations of Hsp27 secondary
structure with successive serine substitutions (Figure 4D). Avier Ltd All rights reserved
Figure 2. Collision-Induced Dissociation Mass Spectrometry of Hsp27 Phosphomimics
(A) The spectrum acquired at low collision energy (30 V) illustrates the polydisperse nature of Hsp27M in this case Hsp27-S15D, with a large unresolved peak
envelope observed between 7,000 and 14,000m/z (blue), as well as signals from dimer (red) and tetramer (orange). At higher accelerating voltage (200 V) a signal
in the n-2 region became apparent and the n region resolved substantially.
(B) The unambiguous charge state distributions in the n region were used to comprehensively identify and assign the abundance of oligomers present, ranging
from dimers to 24-mers (charge state in superscript; left). The n-2 region (right) was of limited use in describing the distribution of Hsp27M, as the strictly dimeric
nature gave rise to considerable charge state overlap ([n]+ and [n-1]+) when compared with previously studied mammalian sHsps.negative ellipticity minimum was observed at 218 nm, consis-
tent with anti-parallel b-sheet structure. A positive maximum
at 230 nm was also apparent, corresponding to random coil
secondary structure. The amount of random coil became mark-
edly more pronounced with increased modification and ap-
pears to be absent in Hsp27–WT (Figure 4D). The observed
maximum for Hsp27M is indicative of the dissociated state of
Hsp27, in which the structural elements are accessible to the
polarized light, giving rise to the enhanced signal across all
wavelengths.
MMP Enhance Hsp27 Chaperone Activity
Having established that significant structural changes occur to
Hsp27 as a result of MMP, we sought to observe its functional
consequences on Hsp27 chaperone activity. Protein aggrega-
tion assays in the presence of Hsp27-WT and Hsp27M iso-Chemistry & Biology 22, 186forms were conducted such that the concentration of Hsp27
was well above the concentration where Hsp27 oligomers
completely dissociate (i.e., final concentration was 12.5 mM
or higher). Insulin and BSA were used to assess the efficacy
of Hsp27M isoforms in preventing amorphous aggregation
and k-casein fibrillar aggregation of target proteins. In the
absence of chaperone, amorphous aggregation of insulin
commenced after 4 min and increased rapidly until 20 min,
at which point it plateaued (Figure 5A, inset). No change in light
scatter (insulin or BSA) or ThT fluorescence (k-casein) was de-
tected when the sHsps or buffer was incubated alone in these
experiments. Overall, an increase in the number of MMP was
accompanied by an enhanced ability of Hsp27 to prevent
both amorphous and fibrillar aggregation of target proteins
(Figure 5A; Figure S1). The single Hsp27M isoforms showed
mixed chaperone effectiveness, with S78D and S82D in the–195, February 19, 2015 ª2015 Elsevier Ltd All rights reserved 189
Figure 3. Oligomeric Distribution of Hsp27 Phosphomimics byMass
Spectrometry
(A) Oligomeric distributions of Hsp27M were determined by collision-induced
dissociation MS, with large oligomers ranging from hexamers to 24-mers.
(B) Native MS of Hsp27-WT, present as a mixture of dimers (red) and large
polydisperse oligomers (10,000m/z), and Hsp27-3D, which is predominantly
dimeric.
(C) DTT-induced reduction of Hsp27-3D shows that the majority of the dimers
(D; red) fall apart into monomers (M; black).
Figure 4. MS-Derived Dissociation Curves and Far-UV CD Spectros-
copy of Hsp27-WT and its Phosphomimics
Increased dissociation of large oligomers to dimers was observed upon
dilution.
(A–C) Hsp27-WT (A), Hsp27-1D (S15D; B) and Hsp27-2D (S15/82D; C)
were representative of each degree of phosphomimicry. Increasing the num-
ber of MMP led to an increase in oligomeric dissociation propensity (n = 3;
mean ± SD).
(D) Far-UV CD spectroscopy of Hsp27M. The spectra of the Hsp27-1D (red)
and Hsp27-2D (orange) forms were of sufficient similarity to be represented by
single traces. The spectrum of Hsp27-3D (blue) showed greater negative
ellipticity than Hsp27-1D and Hsp27-2D; however, all Hsp27M isoforms ex-
hibited increased random coil (235 nm) compared with Hsp27-WT (black).insulin assay and S82D in the BSA assay better able to protect
against aggregation compared with Hsp27-WT (Figure 5A; Fig-
ure S1). Each of the double Hsp27M mutants and Hsp27-3D
was significantly more effective than Hsp27-WT at inhibiting
amorphous and fibrillar aggregation of the target proteins (Fig-
ure 5A; Figure S1).
The capacity of Hsp27-WT and 3D to prevent the heat-
induced precipitation of proteins from cell lysates was also
examined (Figures 5B and 5C). In the absence of chaperone,
Neuro-2a lysate proteins precipitated from solution to form an
insoluble pellet (Figure 5B, lane H). Addition of Hsp27-WT or
Hsp27-3D, at concentrations ranging from 2.5 to 10 mM, in-
hibited the heat-induced precipitation of the lysate proteins while
BSA afforded no protection (Figure 5B). Densitometry analysis
of the most intense protein band (Figure 5B, red box) evident
in the precipitate by SDS-PAGE revealed that significant protec-
tion of lysate proteins was afforded by Hsp27-3D at 5 and 10 mM
compared with WT (Figure 5C). Interestingly, Hsp27-WT af-
forded the same level of protection as Hsp27-3D at 2.5 mM (Fig-
ure 5C). This finding is consistent with the dimer abundance
data, which demonstrates that at this concentration 50% of
Hsp27-WT also exists as a dimer. Therefore, the abundance of
dimer appears central to the protection of target proteins under
heat stress conditions.190 Chemistry & Biology 22, 186–195, February 19, 2015 ª2015 ElseDISCUSSION
The primary aim of this work was to produce the first systematic
explication of the site-specific effects of Hsp27 phosphorylation.
To achieve this, we constructed phosphomimics using aspartic
acid substitutions at the three known phosphorylation sites
(S15, S78, and S82), to obtain seven distinct variants that
likely occur in vivo. Our examination of the proteins’ quaternary
organization and chaperone function revealed that two serine
substitutions substantially reduced the average size of Hsp27
oligomers while Hsp27-3D was observed to be predominantly
dimeric. In this state, the chaperone activity was demonstrably
enhanced, conforming to a model in which the dimer is a more
efficient chaperone than the polydisperse assemblies. This
finding hints at a mechanism for Hsp27 activity in which the
dimer-dimer contacts maintained in multimeric Hsp27 are dis-
rupted by phosphorylation, and when exposed contribute to
the stress response with exceptional efficiency (Gaestel et al.,
1991; Landry et al., 1992).
We therefore employed MS to definitively resolve the struc-
tural variations induced by MMP. Using an MMP approach
does present some limitations in that this modification only
introduces a single negative charge, whereas a phosphoserine
adds two. Phosphorylation of Hsp27 in vitro results in a complex
mixture of unphosphorylated in addition to singly and doublyvier Ltd All rights reserved
Figure 5. MMPofHsp27 Enhances itsChap-
erone Activity
(A) Chaperone efficacy was determined relative to
Hsp27-WT for each target protein. Inhibition of
amorphous insulin aggregation was monitored by
the change in light scatter at 340 nm, while fibrillar
k-casein aggregation was monitored by the
change in ThT fluorescence emission at 490 nm.
Variants that showed a significant increase in
activity compared with Hsp27-WT are indicated
(*p < 0.05; **p < 0.01; ***p < 0.001) (n = 3–5;
mean ± SEM).
(B) Precipitates from non-heated (NH) and
heated (H) Neuro-2a cell lysates in the presence
and absence of Hsp27-WT, Hsp27-3D, or BSA
at various concentrations (above in mM) were
observed by SDS-PAGE. Cell lysates were heated
to 45C for 1 hr in the presence of chaperones; a
specific band (red box) was chosen for quantita-
tive analyses.
(C) The selected band was analyzed to determine
the protection afforded by Hsp27-WT and Hsp27-
3D on heated Neuro-2a cell lysates. Significant
increases in protection compared with Hsp27-WT
are indicated (*p < 0.05) (n = 3; mean ± SEM).phosphorylated isoforms. Therefore, using MMP allows a sys-
tematic approach to study the effect of phosphorylation at
each serine residue. TheMS data are in agreement with previous
work showing that Hsp27-S15D and Hsp27-S78/82D form
large, polydisperse species (Rogalla et al., 1999) compared
with Hsp27-WT. We observed a shift toward smaller oligomeric
species across all single and double Hsp27M isoforms, which
has also been observed in rodent Hsp27 (Lambert et al., 1999).
The majority of the published literature that has investigated
the effects of phosphorylation on Hsp27 structure and function
has focused on the Hsp27-3D isoform. Debate has risen with
regard to its oligomeric state, with claims ranging from dimers,
as determined by analytical ultracentrifugation, to tetramers,
observed using SEC (Hayes et al., 2009; Rogalla et al., 1999;
Shashidharamurthy et al., 2005). Our combination of SEC and
MS data definitively shows that Hsp27-3D predominantly exists
as disulfide-linked dimers under non-reducing conditions, which
dissociate into monomers upon reduction. Overall, the shift in
distribution and presence of smaller oligomers in each of the sin-
gle and double Hsp27M isoforms, and the dimeric preference of
Hsp27-3D, indicate that phosphorylation at any of the three
serine residues significantly alters the dimer# oligomer equilib-
rium compared with WT.
Hsp27 undergoes concentration-dependent dissociation in
the mM range (Figure 4). Similar behavior was observed with
Hsp26 from yeast wherein the oligomeric equilibrium is
concentration and temperature dependent, shifting toward
monomers and dimers, leading to enhanced chaperone activity
(Benesch et al., 2010). As a result, we reason that the strength
of the dimer-dimer interface of Hsp27 oligomers is significantly
weaker than the oligomer-forming interfaces of other sHsps,
such as aA- and aB-crystallin (Baldwin et al., 2011; HiltonChemistry & Biology 22, 186et al., 2013). We observed Hsp27-WT as a broad distribution
of oligomers in both transfected HEK293 and Neuro-2a cell
lysates. This phenomenon may also have other implications in
the cell, where Hsp27 may be compartmentalized intracellularly
at concentrations that manipulate its oligomeric state, indepen-
dent of phosphorylation. Kinase activation and subsequent
phosphorylation of Hsp27 would enable higher concentrations
of Hsp27 to exist at cellular locales in a dissociated state in
response to cellular stress.
As our MS approach enables us to identify and quantify in-
dividual oligomers within the heterogeneous ensemble, we
have used it to observe the propensity of these large oligomers
(R6-mers) to dissociate into dimers. This process could
equally be applied to identify and quantify the abundance of
Hsp27 oligomers of any size (and indeed other oligomeric
assemblages) with concentration. Dissociation propensities
similar to those obtained by SEC were observed for Hsp27-
WT by MS; however, MS accurately resolves the concentra-
tion-dependent ratio of dimers to oligomers as SEC is unable
to distinguish between small oligomers (dimers to 6-mers)
in solution (small oligomers, Figure 1C). This confirms that
MS is a suitable tool for observing the dissociation of these
large polydisperse proteins. Overall, the increased dissociation
propensity of Hsp27 with MMP is consistent with the hypoth-
esis that multiple phosphorylation events act cumulatively to
reduce the barrier to dissociation.
MS and SEC data indicate that the double and triple Hsp27M
variants exhibit a significant shift toward the presence of di-
mers. We believe that the location of these modified serines
is clustered in close proximity within the N-terminal domain,
to a point where phosphorylation at any of the three serine
residues results in similar changes to the secondary and–195, February 19, 2015 ª2015 Elsevier Ltd All rights reserved 191
quaternary structure. The far-UV CD spectroscopy data sup-
port this, as there was no major change in secondary structure
observed among the single or double Hsp27M isoforms. The
observed increase in random coil, with increasing MMPs
indicates that these modifications are attributed to either differ-
ences in secondary structure of Hsp27 dimers or that the sec-
ondary structure of free dimers is able to be resolved more
readily than that of large oligomers. The structural alterations
caused by phosphorylation-induced destabilization of Hsp27
have been difficult to elucidate due to the dynamic nature of
this sHsp. Since three serine phosphorylation sites are located
in the unstructured N-terminal region of Hsp27, we hypothesize
that these residues may be clustered in the tertiary structure of
the protein and are more solvent exposed, inhibiting oligomer-
ization through negatively charged interdimer repulsions. This is
in stark contrast to aB-crystallin, another sHsp that is phos-
phorylated in the N-terminal domain, in which increasing the
number of MMP does not result in such a dramatic change in
oligomer size but does lead to enhanced chaperone activity
(Ecroyd et al., 2007; Peschek et al., 2013). Both mechanisms,
however, are consistent with a model in which phosphorylation
enhances chaperone function by increasing the amount of
dissociated species able to interact with target proteins.
Conversely, class II cytosolic sHsps, found in plants, have
been shown to be active when highly assembled (Basha
et al., 2010). It should be noted that in contrast to mammalian
sHsps, these plant sHsps do not have phosphorylation sites,
which may indicate that a combination of charged and hydro-
phobic interactions are involved in recognition and binding of
destabilized client proteins.
Our functional studies demonstrate that the ability of Hsp27
to prevent both amorphous and fibrillar protein aggregation
increases with the number of MMP. Also, in conjunction with
data on oligomer dissociation, we observed a strong correlation
between enhanced chaperone activity and increased dimer
abundance. Since the chaperone function of all the single
Hsp27M isoforms was equivalent in these assays (as was the
case for the double Hsp27M isoforms), we suggest that no single
serine residue has a dominant role in regulating the chaperone
efficacy of Hsp27. Rather, the number of phosphoserine resi-
dues is the critical factor, and this regulates the chaperone activ-
ity by promoting oligomeric dissociation into dimers. Such a
model is supported by our data showing that Hsp27-WT was
equally effective as Hsp27-3D at preventing the heat-induced
precipitation of cell lysate proteins at concentrations (i.e.,
2.5 mM) at which approximately half of the Hsp27-WT exists as
free dimers. At higher concentrations the proportion of Hsp27-
WT dimer was decreased, and it was less effective than
Hsp27-3D in this assay. Overall, we propose that phosphoryla-
tion at two or three serine residues would liberate the disordered
N-terminal domain of Hsp27 dimers, making them more acces-
sible for interaction with destabilized target proteins and thereby
enhancing chaperone activity.
Interrogation of the suite of Hsp27 isoforms with MMP proved
a valuable approach in studying the impact of phosphorylation
on the structure and function of Hsp27. Our results are consis-
tent with a model in which phosphorylation destabilizes Hsp27
oligomers leading to an increase in the abundance of efficacious
dimers, which correlates with enhanced activity. It appears that192 Chemistry & Biology 22, 186–195, February 19, 2015 ª2015 Elsethe large oligomers act as reservoirs of these chaperone-active
dimers. Phosphorylation can therefore be regarded as a molec-
ular switch, activating Hsp27 during periods of cellular stress, in
order to help maintain intracellular proteostasis.
SIGNIFICANCE
Protein quality control machinery is crucial in maintaining
proteostasis in the cell. The sHsps are one of the cellular
regulatory systems that aid in maintaining proteostasis.
The sHsp Hsp27 undergoes phosphorylation in vivo at mul-
tiple serine residues, which is thought to regulate its func-
tion. However, there has been no consensus as to the overall
effect of phosphorylation, nor has anyone investigated the
site-specific effect phosphorylation at each serine residue
has on the structure and chaperone function of Hsp27. We
have used MMP (i.e., serine to aspartic acid) to comprehen-
sively survey their effect on the structure and function of
Hsp27. MS revealed that increased modification shifts the
dimer # oligomer equilibrium, to a point where the triple
phosphomimic is predominantly a dimer. We have then ex-
ploited the resolving power of MS to observe, for the first
time, the stability of Hsp27 oligomers. Our data show that
with increased modification there is an increase in the pro-
pensity of Hsp27 oligomers to disassemble and in chap-
erone ability compared with Hsp27-WT. Our study provides
a structural rationale to the enhanced chaperone activity
of phosphorylated Hsp27 and supports a model in which di-
mers are the chaperone-active component of sHsps.
EXPERIMENTAL PROCEDURES
Recombinant Protein Preparation
The gene encoding human Hsp27 (HSPB1; UniProt accession number
P04792) was expressed in Escherichia coli BL21(DE3) using a plasmid kindly
gifted by Drs. W.C. Boelens and W.W. de Jong (University of Nijmegen,
the Netherlands), in which HSPB1 was cloned into the BamHI and NdeI re-
striction sites of pET3a (Novagen). The Hsp27 phosphomimic-encoding
plasmids (S15D, S78D, S82D, S15/78D, S15/82D, S78/82D, and S15/78/
82D) were generated by site-directed mutagenesis of the WT-containing
plasmid by GenScript. Expression and purification of each recombinant pro-
tein was performed as described previously (Aquilina et al., 2013; Horwitz
et al., 1998).
SDS-PAGE and Native PAGE
For SDS-PAGE, discontinuous polyacrylamide gels using a 4% (v/v) stacking
and 12% (v/v) resolving gel were used as per manufacturer’s instructions (Bio-
Rad). For native PAGE, 50 mM of each protein was loaded onto discontinuous
polyacrylamide gels using a 4% (v/v) stacking and 6% (v/v) resolving gel as
described previously (Cassiman et al., 1981).
Cell Culture and Transfections
Human embryonic kidney (HEK293), Neuro-2a, and HeLa cells were grown in
DMEM/F12 media containing 10% fetal calf serum at 37C in a 5% CO2/95%
air atmosphere. To examine the induction of Hsp27 phosphorylation in heat-
stressed cells, HeLa cells were placed at 42C for 2 hr before being harvested,
washed with PBS, and lysed by resuspending in PBS containing 1% Triton
X-100 and protease and phosphatase inhibitors (Pierce). Samples were sub-
jected to SDS-PAGE, immunoblotted onto polyvinylidene fluoride (PVDF)
membranes, and the membranes probed with either anti-Hsp27 (Abcam,
ab2790) or phosphospecific (Abcam; ab90538, phospho-S15; ab47338, phos-
pho-S78; ab90537, phospho-S82) antibodies. Membranes were then incu-
bated with appropriate horseradish peroxidase (HRP)-conjugated secondaryvier Ltd All rights reserved
antibodies, and chemiluminescent signals were detected on film using stan-
dard techniques.
The Hsp27-WT and Hsp27-S15/78/82D (Hsp27-3D) genes were amplified
from the pET-3a bacterial expression constructs using PCR primers
(HSPB1 forward primer 50atgaattcatgaccgagcgccgc and reverse primer
30ttagtcgacggatccttacttggc), which incorporated EcoRI and SalI restriction
sites (underlined), respectively, and subcloned into pIRES2-EGFP (Clontech)
for expression in mammalian cell culture experiments. Plasmid DNA for trans-
fection was isolated using the PureYield Midiprep System (Promega).
Neuro-2a and HEK293 were seeded into six-well plates at 1.6 3 105 cells/
well 24 hr prior to transfection with 2 mg of plasmid DNA using Lipofectamine
LTX (6 ml/well) and Plus (2 ml/well) reagents (Life Technologies). Following
transfection, cells were grown for 2 days and then harvested, washed with
PBS, and lysed by resuspending in PBS containing 1% Triton X-100 and
protease and phosphatase inhibitors (Pierce). Samples were mixed and incu-
bated on ice for 1 hr, centrifuged (20,000 3 g, 10 min, 4C), and the superna-
tant collected. The concentration of protein in the supernatant was established
using a BCA assay (Sigma-Aldrich) as per the manufacturer’s instructions and
adjusted to 10 mg/ml using PBS. Samples (100 ml) were loaded onto a Super-
dex 200 10/300 GL analytical size-exclusion column (GE Healthcare), pre-
equilibrated in PBS, and run at a flow rate of 0.3 ml/min. Eluate fractions
(1 ml) were collected and subjected to SDS-PAGE, immunoblotted onto
PVDF membranes, and the membranes probed with an anti-Hsp27 mono-
clonal antibody (Abcam, ab2790) and goat anti-mouse HRP-conjugated sec-
ondary antibody (Sigma) with the chemiluminescent signal detected on film.
Analytical SEC
The oligomeric size of Hsp27-WT and Hsp27M was determined by analytical
SEC. Samples (50 mM) were loaded onto either a Superdex 75 10/300 GL
or Superose 6 10/300 GL size-exclusion column (GE Healthcare), which had
been equilibrated in 50 mM phosphate and 100 mM NaCl (pH 7.4), at a flow
rate of 0.3 ml/min at room temperature. The size-exclusion columns were cali-
brated using standards (Bio-Rad): bovine thyroglobulin (670 kDa), bovine
g-globulin (158kDa), chickenovalbumin (44kDa), andhorsemyoglobin (17kDa).
Native MS
MS was performed on a quadrupole time-of-flight (Q-ToF) 2 MS and Synapt
G2 HDMS (Waters) using a nanoelectrospray ionization source. Instrument
conditions were set as previously described (Aquilina et al., 2013). Hsp27-
WT and all Hsp27M isoforms were buffer-exchanged into 200 mM ammonium
acetate (pH 6.8) using a Superdex 200 10/300 GL analytical size-exclusion
column (GE Healthcare) prior to MS. Oligomeric distribution spectra were ac-
quired at a concentration of 40 mM, due to the concentration-dependent nature
of Hsp27 (Theriault et al., 2004), while the dilution MS experiments were per-
formed at ranges of 0.7–47 mM. Each protein was electrosprayed from gold-
coated borosilicate glass capillaries prepared in-house. All spectra were
analyzed using MassLynx V4.1 software with minimal smoothing applied to
the raw spectra.
Oligomeric Dissociation MS
The oligomeric dissociation ofHsp27-WT, 1D, and2Dmutantswas observedby
MS as described previously (Rose et al., 2011). The S15D and S15/82D (1D and
2D, respectively) mutants were selected as representatives, given that all the
single Hsp27M isoforms were structurally and functionally similar, as was the
case with all the double Hsp27M isoforms. Essentially, the peak areas corre-
sponding to Hsp27 dimers (AD) and oligomers (ranging from tetramers to 24-
mers;AO) were summed to determine the total peak area of each spectrum (AT):
AD + AO = AT
The relative proportion of dimer relative to oligomer (PD) was determined
by dividing the dimer peak area (AD) by the total peak area of the whole spec-
trum (AT):
AD/AT = PD
The dissociation curves were fitted using the one-phase decay function. For
each protein at least five data points were plotted, and this experiment wasChemistry & Biology 22, 186repeated three times. All curve-fitting analyses were performed using Prism
5.0 (GraphPad) software.
Far-UV CD Spectroscopy
CD measurements were acquired as previously described (Kulig and Ecroyd,
2012). All proteins were prepared to a final concentration of 10 mM in 10 mM
phosphate buffer (pH 7.4).
Aggregation Assays
The aggregation and precipitation of the target proteins, reported via either
ThT fluorescence (amyloid fibril) or light-scattering (amorphous aggregation)
assays, was monitored by using sealed 96-microwell plates and a FLUOstar
Optima plate reader (BMG Lab Technologies). The amorphous aggregation
of insulin (Sigma-Aldrich, 100 mM), incubated at 37C in 50 mM phosphate
buffer (pH 7.4) or BSA (Sigma-Aldrich, 50 mM), incubated in PBS, was initiated
by the addition of DTT (20 mM). Chaperones were added at molar ratios of 8:1
(insulin/sHsp) or 2:1 (BSA/sHsp). Aggregation was monitored by measuring
the change in apparent absorbance due to light scattering at 340 nm, which
was negligible in the absence of insulin or BSA. The formation of amyloid fibrils
by k-casein was monitored using an in situ ThT-binding assay. Chaperones
were added at a molar ratio of 1:1 to k-casein (Sigma-Aldrich, 25 mM) in
50 mM phosphate buffer (pH 7.0). Samples were incubated with 10 mM ThT
at 37C and fluorescence levels measured with a 440/490 nm excitation/emis-
sion filter set. The change in ThT fluorescence in the absence of k-casein was
negligible in this assay.
In all protein aggregation assays, the relative ability of each chaperone to
prevent aggregation was evaluated by comparing the apparent absorbance
or ThT fluorescence at the conclusion of each assay, as previously described
(Ecroyd and Carver, 2008) and used to calculate the relative efficacy of each
Hsp27M compared with Hsp27-WT. All assays were performed at least three
times, and data are reported as mean ± SEM of these independent assays.
Data were analyzed by one-way ANOVA and Dunnett’s multiple comparisons
post hoc test using Prism 5.0 (GraphPad) software.
Cell Lysate Aggregation Assays
The cell lysate aggregation experiments were based on a previous method
with minor modifications (Peschek et al., 2013). In brief, Neuro-2a cells were
collected and washed in PBS and stored at 20C until required. Cells were
resuspended in ice-cold hypotonic buffer (40 mM phosphate buffer, pH 7.4)
containing protease inhibitors (Pierce) and placed on ice for 15 min. The cell
suspension was then repeatedly passed through a gel-loading pipette tip to
disrupt the cells before being placed at 20C for 30 min. The sample was
thawed, the lysate cleared by centrifugation, and a 203 stock of PBS used
to adjust the salt concentration to physiological levels. The concentration of
proteins in each sample was adjusted with PBS so that the A280 nm was 2.0,
prior to the addition of Hsp27 (or an equivalent volume of buffer or concentra-
tion of BSA). Samples were heated at 45C for 1 hr, centrifuged (12,000 3 g,
10 min, 4C), and the pellet washed with an equivalent volume of PBS
then resuspended again with the same volume of PBS. Protein aggregation
was assessed by SDS-PAGE, performed as described above. The intensity
of selected bands was quantified using GelAnalyzer2010 (http://www.
gelanalyzer.com/). These experiments were performed at least three times,
and data are reported as mean ± SEM of these independent assays. Data
were analyzed by unpaired t test using Prism 5.0 (GraphPad) software.SUPPLEMENTAL INFORMATION
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